Mycoplasma pneumoniae, the causative agent of atypical pneumonia, is one of the bacteria with the smallest genomes that are nonetheless capable of independent life. Because of their longstanding close association with their human host, the bacteria have undergone reductive evolution and lost most biosynthetic abilities. Therefore, they depend on nutrients provided by the host that have to be taken up by the cell. Indeed, M. pneumoniae has a large set of hitherto unexplored transporters and lipoproteins that may be implicated in transport processes. Together, these proteins account for about 17% of the protein complement of M. pneumoniae. In the natural habitat of M. pneumoniae, human lung epithelial surfaces, phospholipids are the major available carbon source. Thus, the uptake and utilization of glycerol and glycerophosphodiesters that are generated by the activity of lipases are important for the nutrition of M. pneumoniae in its common habitat. In this study, we have investigated the roles of several potential transport proteins and lipoproteins in the utilization of glycerol and glycerophosphodiesters. On the basis of experiments with the corresponding mutant strains, our results demonstrate that the newly identified GlpU transport protein (MPN421) is responsible for the uptake of the glycerophosphodiester glycerophosphocholine, which is then intracellularly cleaved to glycerol-3-phosphate and choline. In addition, the proteins MPN076 and MPN077 are accessory factors in glycerophosphocholine uptake. Moreover, the lipoproteins MPN133 and MPN284 are essential for the uptake of glycerol. Our data suggest that they may act as binding proteins for glycerol and deliver glycerol molecules to the glycerol facilitator GlpF.
M
ycoplasma pneumoniae belongs to a group of bacteria, the Mollicutes, that is characterized by the lack of a cell wall, a strongly reduced genome, and very limited metabolic capabilities. This genome reduction is the result of an adaptive evolution that reflects the close association of the different members of the class with their eukaryotic hosts. M. pneumoniae is a human pathogen that causes atypical pneumonia, but sometimes extrapulmonary complications such as myocarditis, encephalitis, polyradiculopathy, and otitis are observed, especially in children and older people (1) (2) (3) (4) (5) .
M. pneumoniae thrives on lung epithelia, and the major source of carbon and energy in this habitat are phospholipids (6) . Thus, these compounds are likely to be the main nutrients for M. pneumoniae in its natural environment. However, while M. pneumoniae and other mollicutes are able to utilize several carbohydrates, they are unable to use the fatty acid component of phospholipids because of the lack of the ␤-oxidation pathway and the citric acid cycle (7) . So far, M. pneumoniae has been shown to use glucose, fructose, and glycerol as carbon sources. While glucose and fructose are transported by specific phosphotransferase systems, glycerol is thought to be taken up by the essential glycerol facilitator GlpF (8, 9) . After phosphorylation, glucose and fructose are metabolized via glycolysis. Glycerol is first phosphorylated and oxidized to dihydroxyacetone phosphate, which can then also enter glycolysis. The enzyme that catalyzes the oxidation of glycerol 3-phosphate is an interesting feature of M. pneumoniae: While the glycerol 3-phosphate dehydrogenase in most organisms uses NAD as the electron acceptor, M. pneumoniae and related species have a glycerol 3-phosphate oxidase that produces hydrogen peroxide (9) . In addition to the ADP-ribosylating and vacuolating CARDS toxin (10) , hydrogen peroxide acts as the major virulence factor of M. pneumoniae. Thus, there is a direct link between glycerol metabolism and virulence.
Phospholipids are composed of glycerol 3-phosphate to which two long-chain fatty acids and a polar moiety are bound. In humans, lecithin, a choline-containing phospholipid, is most abundant. The degradation of phospholipids is initiated by the deacylation catalyzed by phospholipases. M. pneumoniae does not possess any phospholipases, but it is assumed that these enzymes are present in the pulmonary surfactant, where they produce free glycerophosphodiesters, mainly glycerophosphocholine (GPC) (11) . This compound can be used by M. pneumoniae and many other bacteria; however, the details of its metabolism are not well understood. Transport systems for glycerophosphodiesters have so far been identified only in yeast and Escherichia coli (see reference 12 for a review). In yeast, glycerophosphodiesters are taken up by a proton symporter of the major facilitator superfamily whereas the E. coli Ugp system is an ABC transporter (13) (14) (15) . In addition to glycerophosphodiesters, many bacteria are able to transport and utilize glycerol 3-phosphate. This is important when secreted or periplasmic glycerophosphodiesterases generate free extracellular glycerol 3-phosphate, as is the case in E. coli and Gram-positive bacteria such as Bacillus subtilis. In E. coli, glycerol 3-phosphate is transported by the Ugp system and the proton symporter GlpT. The latter protein is also present in B. subtilis. As described for glycerol metabolism, internal glycerol 3-phosphate becomes oxidized to dihydroxyacetone phosphate and enters the glycolytic pathway. Only a little is known about the transport of glycerophosphodiesters and glycerol 3-phosphate in M. pneumoniae. A Ugp system is annotated in the genome (16); however, M. pneumoniae is unable to utilize glycerol 3-phosphate as a carbon source (17) . This is in good agreement with the weak similarity of the candidate Ugp transporter proteins (MPN134, MPN135, MPN136) to its suspected E. coli counterparts. In contrast, M. pneumoniae is able to take up and utilize glycerophosphodiesters such as GPC (17) . The genome of M. pneumoniae encodes two proteins with similarity to glycerophosphodiesterases; however, only one of them, GlpQ, has this activity (17) . If the M. pneumoniae glpQ gene is inactivated, the bacteria exhibit altered expression of several lipoproteins and transporters, among them the glycerol facilitator GlpF (17) . In our opinion, it seemed likely that other proteins involved in the transport of glycerol and glycerophosphodiesters might be among the proteins controlled by the glycerophosphodiesterase GlpQ. In this work, we identified M. pneumoniae proteins essential for the uptake of both glycerol and glycerophosphodiesters by analyzing the corresponding mutant strains with respect to growth, metabolism of glycerol and GPC (as judged from the production of the unique product hydrogen peroxide), and cytotoxicity. This allowed us to identify the MPN421 protein as the transporter of glycerophosphodiesters. Therefore, the MPN421 protein was renamed GlpU and the corresponding gene was renamed glpU. The two paralogous proteins MPN076 and MPN077 also contribute to GPC transport. Moreover, two additional proteins (MPN133 and MPN284) were found to be essential for the utilization of glycerol.
MATERIALS AND METHODS
Bacterial strains, oligonucleotides, and growth conditions. All of the M. pneumoniae strains used in this study are derived from M. pneumoniae M129 (ATCC 29342) in the 32nd broth passage. All of the mutant strains used in this study are listed in Table 1 . The oligonucleotides used in this study are listed in Table S1 in the supplemental material. M. pneumoniae was grown at 37°C in 150-cm 2 tissue culture flasks containing 100 ml of modified Hayflick medium with glucose (1%, wt/vol) as the carbon source as described previously (8) . Strains harboring transposon insertions were cultivated in the presence of 80 g/ml gentamicin.
Construction of an mpn421 (glpU) complementation strain. For complementation of the glpU mutant (GPM25), we constructed strain GPM28 as follows: The functional gene glpU, plus 985 bp upstream to include its own promoter, was amplified with primers SG17/SG18. The product was digested with EcoRI and XhoI and cloned into complementation plasmid pMTnTetM438 (18) , which had been linearized with the same enzymes. The resulting plasmid, pGP692, contains the transposon with a tetracycline resistance cassette for the selection of complementing clones. Using electroporation, pGP692 was introduced into the genome of M. pneumoniae GPM25. The resulting complementation strain was designated GPM28. This strain was cultivated in the presence of gentamicin (80 g/ml) and tetracycline (2 g/ml).
Southern blot analysis. For the preparation of M. pneumoniae chromosomal DNA, cells of a 100-ml culture were harvested as described previously (8) . The cell pellet was resuspended in 750 l of 50 mM Tris/ HCl (pH 8.0)-25 mM EDTA, and RNase A was added to a final concentration of 25 g/ml. After an incubation step at 37°C for 15 min, 50 l proteinase K (25 mg/ml) and 75 l 10% SDS were added. The mixture was incubated at 50°C until the lysate was clarified and subsequently cooled on ice. To precipitate debris, 300 l of 5 M NaCl was added and the mixture was incubated for 20 min on ice. The precipitate was pelleted by centrifugation (25 min, 15,000 ϫ g, 4°C), and the resulting supernatant was mixed with 500 l isopropanol to precipitate the chromosomal DNA. The DNA pellet was washed with 70% ethanol and finally resolved in 300 l TE buffer. Digests of chromosomal DNA were separated using 1% agarose gels and transferred onto a positively charged nylon membrane (Roche Diagnostics) and probed with digoxigenin (DIG)-labeled riboprobes obtained by in vitro transcription with T7 RNA polymerase (Roche Diagnostics) using PCR-generated fragments as the templates (for the primers used, see Table S1 in the supplemental material). The reverse primers contained a T7 RNA polymerase recognition sequence. In vitro RNA labeling, hybridization, and signal detection were carried out according to the manufacturer's instructions (DIG RNA labeling kit and detection chemicals; Roche Diagnostics).
Analysis of mRNA amounts. Preparation of total M. pneumoniae RNA was done as described previously (8) . For slot blot analysis, serial 2-fold dilutions of the RNA extract (2 to 0.25 g) in 10ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) were blotted onto a positively charged nylon membrane using a PR 648 Slot Blot Manifold (Amersham Biosciences). Equal amounts of yeast tRNA (Roche) and M. pneumoniae chromosomal DNA served as controls. DIG-labeled riboprobes were obtained by in vitro transcription from PCR products that cover open reading frame internal sequences using T7 RNA polymerase (Roche). The reverse primers used to generate the PCR products contained a T7 promoter sequence (see Table S1 in the supplemental material). Determination of in vivo hydrogen peroxide production. The hydrogen peroxide production of M. pneumoniae was determined using the Merckoquant peroxide test (Merck, Darmstadt, Germany) as previously described (9) . Briefly, growing cells were resuspended in assay buffer and after incubation for 1 h at 37°C, glucose, glycerol, or glycerophosphodiesters (final concentration, 100 M) were added to one aliquot. An aliquot without any added carbon source served as the control. The test strips were dipped into the suspensions for 1 s and subsequently read.
HeLa cell cytotoxicity assay. Infection of HeLa cell cultures with M. pneumoniae cells was done as described previously (9, 19) . At 4 days after infection, the HeLa cell cultures were fixed with formalin buffered with 10% phosphate-buffered saline (pH 7.4) for 30 min at room temperature. The fixative solution was discarded, and the cells were stained with 0.1% aqueous crystal violet solution for 30 min with gentle shaking. After incubation, the cell cultures were rinsed with water and photographed. To dissolve the dye for quantification, 0.5% SDS in water was added to each well and the culture plates were incubated for 30 min while shaking. Finally, 100 l of the dissolved staining solution was used to measure the optical density at 595 nm. The cytotoxicity of M. pneumoniae cells was quantified by calculating the percentage of viable HeLa cells compared to that of a noninfected HeLa cell control. The cytotoxicity assays were performed in triplicate.
RESULTS
Identification of genes tentatively involved in the transport of glycerol and GPC. In the genome of M. pneumoniae, the glpF gene was suggested to encode the glycerol facilitator. This gene is essential in M. pneumoniae, and it was suggested that the encoded protein is also required for water uptake (9) . The proteins encoded in the mpn133-136 operon were annotated as lipoprotein (MPN133) and as a Ugp glycerol 3-phosphate ABC transport system (MPN134, MPN135, MPN136). Since M. pneumoniae is unable to utilize glycerol 3-phosphate (17), this system may have different substrate specificity. The proteome analysis of a glpQ mutant defective in glycerophosphodiesterase revealed overexpression of GlpF, the putative metal ion ABC transporter CbiO, and the uncharacterized lipoprotein MPN162 in the mutant. Moreover, the expression of the uncharacterized lipoproteins MPN284 and MPN506 was reduced in the glpQ mutant (17) . The impact of GlpQ on the regulation of these genes suggests that the corresponding proteins might be involved in functions related to glycerol and/or GPC metabolism. The glpQ gene is located downstream of a gene encoding a potential permease of unknown function (MPN421). Thus, this protein might be implicated in the transport of GPC. The analysis of protein-protein interactions in M. pneumoniae revealed an interaction between MPN284 and the uncharacterized transporter MPN076 (20) . Finally, the proteins MPN077 and MPN506 are highly similar (75 to 80% identity) to MPN076 and MPN284, respectively. Therefore, we considered all of these proteins as potential candidates for the uptake of GPC.
Isolation of M. pneumoniae mutants. To get more insights into the function of the candidate permeases, we attempted to isolate corresponding mutants. This was done by using "haystack mutagenesis" (21) . This strategy is based on an ordered collection of pooled random transposon insertion mutants that can be screened for junctions between the transposon and the gene of interest due to transposon insertion. Sixty-four pools containing 2,976 individual mutants (21) were used in a PCR to detect junctions between the gene of interest and the minitransposon. For mpn421 (glpU), this was done by using oligonucleotides SG03 and SH29 for glpU and the minitransposon, respectively (Fig. 1A) . From one pool that gave a positive signal, a colony PCR with the 50 individual mutants resulted in the identification of one glpU mutant. The presence of the transposon insertion in glpU was verified by Southern blotting using a glpU-specific probe (Fig. 1B) . To test whether this strain contained only a unique transposon insertion, we did another Southern blot assay using a probe specific for the aac-aphD resistance gene present on the minitransposon. As shown in Fig. 1B , a band with the same size as the SacI fragment hybridizing to the glpU probe was detected (Fig. 1B) . The isolated glpU mutant strain was designated GPM25. The position of the transposon insertion in the glpU gene of M. pneumoniae GPM25 was determined by DNA sequencing. The glpU gene was disrupted between nucleotides 707 and 708, resulting in a truncated protein of 235 amino acids with five additional amino acids and the following stop codon encoded by the inserted minitransposon. The transposon library was screened the same way for all desired mutants. No mutants were obtained for mpn134, mpn135, mpn136, and cbiO, suggesting that these genes are essential. The isolation and initial characterization of mutants affected in mpn076, mpn077, mpn133, mpn162, mpn284, glpU, and mpn506 are summarized in Table 1 (see also Fig. S1 in the supplemental material). To make sure that all of the biological effects of the transposon insertion are due to the intended gene disruptions and not to possible polar effects on the expression of downstream genes, we analyzed their transcription organization. With the exception of glpU, mpn133, and mpn506, all of the disrupted genes are expressed as monocistronic transcripts, excluding the possibility of polar effects. For the respective glpU, mpn133, and mpn506 mutants, regular expression of the downstream genes was demonstrated by slot blot analysis (see Fig. S2 in the supplemental material). However, since the glpQ gene is located immediately downstream of glpU (Fig. 1A) , we wanted to ascertain that the phenotypes observed for the glpU mutant were indeed the result of the disruption of the glpU gene. For this purpose, we introduced a functional copy of glpU into the genome of glpU mutant strain GPM25 (for details, see below).
Implication of the putative transporters in growth on glucose and glycerol. For an initial characterization of the isolated mutants, we observed the growth of these strains in modified Hayflick medium (Fig. 2 and 3) . A comparison of the growth of the wild-type and mutant strains revealed that the glpU mutant, as well as the mpn076 and mpn077 mutants, were impaired in the utilization of glucose, whereas the other mutants grew at a rate similar to that of the wild-type strain ( Fig. 2A and 3A) . In the presence of glycerol, the mpn133 and mpn284 mutants exhibited reduced growth; specifically, they did not reach the same yield as the wild type and the other mutant strains (Fig. 3B ). This suggests that MPN133 and MPN284 may be involved in the utilization of glycerol. In the absence of any added carbohydrate, the bacteria can use the serum phospholipids present in Hayflick medium. Under these conditions, all of the mutants have a very low yield; however, the glpU and mpn076 mutants seemed to be impaired in phospholipid utilization (Fig. 2C and 3C) . The roles of the disrupted transporters in the production of hydrogen peroxide. The oxidation of glycerol 3-phosphate results in the generation of hydrogen peroxide, the major cytotoxic product of M. pneumoniae. We asked, therefore, whether the disruption of the putative transporters would affect hydrogen peroxide formation. Hydrogen peroxide formation was assayed in M. pneumoniae cultures that contained no carbon source, glucose, glycerol, or GPC. In the absence of an added carbon source or in the presence of glucose, none of the mutants formed substantial amounts of hydrogen peroxide (Fig. 4) . When glycerol or GPC was available, maximal hydrogen peroxide formation (6 to 9 g/ ml) was observed in the wild-type strain. This is in good agreement with previous reports of increased hydrogen peroxide generation in the presence of these substrates (17, 22) . It is important to note that the glycerol concentration used here (100 M) corresponds to the physiological concentration in blood serum (23) . The mutant strains defective in mpn162 and mpn506 were indistinguishable from the wild-type strain with respect to hydrogen peroxide formation under all of the conditions studied here. This is in good agreement with the absence of any particular phenotypes in the growth tests (Fig. 3) . In contrast, the mpn133 and mpn284 mutants were unable to form hydrogen peroxide in the presence of glycerol while they behaved similarly to the wild type when GPC was present in the medium. This demonstrates that the principal ability to synthesize hydrogen peroxide is not affected by the mutations. In conclusion, these mutants seem to be unable to accumulate glycerol. This idea is in excellent agreement with the observed inability of the two mutants to utilize glycerol as a carbon source (Fig. 3B) . The mpn076, mpn077, and glpU mutants produced large amounts of hydrogen peroxide in the presence of glycerol. However, the mpn076 and mpn077 mutants exhibited reduced hydrogen peroxide formation in the presence of GPC, whereas the glpU mutant did not produce any hydrogen peroxide with GPC as the substrate. In agreement with the growth test (Fig.  2C) , this result suggests that the putative transporter MPN421 (GlpU) is essential for GPC transport. Moreover, the two homologous proteins MPN076 and MPN077 are involved in GPC utilization.
Impact of potential transporters on the cytotoxicity of M. pneumoniae. The formation of hydrogen peroxide is one of the major virulence factors of M. pneumoniae that contribute to cytotoxicity. To assess the cytotoxicity of the transporter mutants, we infected confluently grown HeLa cell cultures with cells of the wild-type and mutant strains of M. pneumoniae (multiplicity of infection, 2). As shown in Fig. 5 , the HeLa cells had undergone nearly complete lysis after 4 days upon infection with wild-type M. pneumoniae (cytotoxicity of 83%). Similar results were observed with strains GPM86 and GPM88, which are affected in mpn162 and mpn506, respectively. Thus, these proteins are not involved in any of the phenotypes addressed in this study. In contrast, a large portion of viable cells was observed after infection of the cell culture with mpn133 and mpn284 mutants GPM91 and GPM87, respectively. Thus, the lack of glycerol utilization and hydrogen peroxide formation in the presence of glycerol correlates perfectly with the impaired cytotoxicity of these mutants. Interestingly, cytotoxicity was also severely impaired in glpU mutant GPM25. This observation suggests that the transport and subsequent metabolism of both glycerol and GPC contribute to the host cell damage seen in our assay. No significant effects were detectable for the mpn076 and mpn077 mutant strains. These results suggest that the residual hydrogen peroxide formation observed for these mutants is still sufficient to cause damage to host cells. These results perfectly match the minor roles of these proteins in GPC utilization observed in the growth tests and the hydrogen peroxide formation assay (see above).
Complementation analysis of the glpU mutant. Inactivation of the GPC transporter gene glpU resulted in phenotypes of the corresponding mutant strain, GPM25, that were indistinguishable from those reported for the glycerophosphodiesterase gene glpQ (mpn420) (17) . The glpQ gene is located immediately downstream of glpU (Fig. 1A) , thus leaving the possibility of indirect polar effects of glpU disruption on glpQ expression. To test whether the observed effects of the glpU mutation were indeed caused by the disruption of the transporter gene or rather due to the potential polar effect, we performed two sets of experiments. (i) RNA slot blot analyses revealed that the glpQ gene is expressed in glpU mutant GPM25, and in fact, this expression is even stronger than that observed in the wild type (see Fig. S2 in the supplemental material). Thus, a polar effect on glpQ transcription can be excluded. (ii) We complemented the mutant by introducing a functional copy of glpU into the genome of glpU mutant strain GPM25, resulting in strain GPM28. This resulted in complementation of the growth defects with glucose and phospholipids ( Fig. 2A and C) . Similarly, the phenotypes of the glpU mutant with respect to hydrogen peroxide production and cytotoxicity were completely complemented by ectopic expression of glpU in GPM28 (Fig. 4 and 5) . Thus, all of the phenotypes observed with the glpU mutant were complemented, demonstrating that it was the lack of the GPC transporter GlpU itself that was responsible for these phenotypes.
DISCUSSION
Of the genes and proteins of M. pneumoniae, only a small fraction has been studied with respect to their function. The transporters and lipoproteins are a notable example of this statement. The genome of M. pneumoniae encodes 53 membrane-spanning transporters and 67 lipoproteins. These lipoproteins are members of six distinct families (24) . This accounts for about 17% of the protein-coding genes that are devoted to transport processes. In this work, we propose functions for three of these transporters, as well as for two lipoproteins the function of which was previously unknown. Because of the limited metabolic biosynthetic potential of M. pneumoniae and its relatives, it is obvious that these bacteria depend on the provision of many metabolites and intermediates by the host, and this requires a large set of transporters. However, while many transporters are vaguely annotated on the basis of membrane segments or similarities to established classes of transporters (such as ABC transporters or members of the major facilitator superfamily) (25) , little is known about their actual substrates. This is particularly striking for the lipoproteins.
Phospholipids and derived metabolites such as glycerol are the major sources of carbon and energy for M. pneumoniae on lung epithelia (6) . Moreover, the oxidation of the common intermediate glycerol 3-phosphate gives rise to the production of hydrogen peroxide, a major factor in M. pneumoniae virulence (9) . With the data presented in this work, we have completed the elucidation of the catabolic pathways for glycerol and GPC (Fig. 6) . In this study, we present the discovery of the GPC transporters GlpU (MPN421), MPN076, and MPN077. Our results clearly demonstrate that GlpU is the major transporter of GPC. Importantly, the gene encoding this GPC permease is located upstream from the glpQ gene encoding the glycerophosphodiesterase that degrades GPC once it has been taken up into the cell (17) . The complete loss of hydrogen peroxide formation in the presence of GPC in the glpU mutant raises the question of which role the additional transporters MPN076 and MPN077 might play in the uptake of GPC. On the basis of the fact that these transporters are encoded by adjacent genes and given their high similarity (76% identical amino acids), it is tempting to speculate that these accessory transporters are the result of a gene duplication. This gene duplication is specific for M. pneumoniae and may reflect the selective pressure that acts on this bacterium on the lung epithelia: inactivation of either gene results in reduced uptake of GPC (as judged from the hydrogen peroxide formation assay). Thus, the presence of the duplicated accessory GPC transporters may help M. pneumoniae to acquire GPC more efficiently. This explains why this duplication does not occur in other mollicutes and may be a reason for the ability of M. pneumoniae but not of related species such as M. genitalium to colonize lung tissue. Of the two GPC transporters, MPN076 seems to be somewhat more efficient; thus, mutations in the corresponding gene have more pronounced effects. Interestingly, the presence of two candidate genes for the potential glycerophosphodiesterase that catalyzes the first intracellular step in GPC metabolism was also detected. However, of the two potential glycerophosphodiesterases, GlpQ and MPN566, the latter has lost important amino acid residues and its enzymatic activity toward GPC (17) . Thus, in the course of evolution, the duplication products may have different fates. While one product (MPN076 and GlpQ) is optimized for its activity, the second may lose the primary activity. MPN077 is still involved in GPC transport, whereas in the case of MPN566, the original activity has already been lost. Such proteins might acquire completely novel functions in the further course of evolution; alternatively, the corresponding genes may become obsolete.
Two lipoproteins, MPN133 and MPN284, are required for the uptake of glycerol. The precise function of the potential glycerol facilitator GlpF could not be characterized because the corresponding gene is essential (9) . From our data, we conclude that the lipoproteins may bind free glycerol in the medium and deliver it to GlpF, which catalyzes the ultimate uptake. This scenario leaves the question of why GlpF is essential while MPN133 and MPN284 are not. It is well established that glycerol transporters are similar to aquaporins that are necessary for the uptake of water (26) . M. pneumoniae does not possess a specific gene encoding an aquaporin. Thus, GlpF might perform both functions, and the aquaporin activity would certainly not depend on a binding protein.
Our results demonstrate that both MPN133 and MPN284 are essential for the formation of hydrogen peroxide when the cells grow in the presence of glycerol. Moreover, both proteins are essential for full cytotoxicity. The latter phenotype is easily explained by the absence of the virulence factor hydrogen peroxide in the mutants. It should, however, be noted that both proteins 
